Abstract. Red raspberry genotypes (Rubus idaeus L.) were evaluated for resistance to root rot at two field sites in Washington state and in a greenhouse study. Thirteen raspberry genotypes were planted in two field sites naturally infested with Phytophthora fragariae var. rubi Wilcox and Duncan and evaluated over 3 years for growth and symptom expression. In greenhouse pot tests, 14 genotypes were inoculated with an isolate of P. fragariae var. rubi at three inoculum levels and evaluated for growth, root color, and symptom expression using a 1 to 4 rating scale. Eleven of the 14 cultivars were found to be susceptible or very susceptible to root rot in the field and greenhouse. 'Summit' and 'Newburgh' possessed high levels of resistance to the pathogen. 'Cascade Bounty' also showed high resistance to root rot in the greenhouse, but confirmation from a field study is needed. Subjective root ratings of greenhouse-grown plants correlated well with measurements of cane numbers and cane infection in the field. The greenhouse tests were useful in identifying resistant genotypes and very susceptible genotypes but did not always match field results. Observation of at least 3 years in the field was necessary to compare relative reaction with root rot among genotypes.
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Root rot caused by the persistent soilborne oomycete Phytophthora fragariae var. rubi is a serious disease of red raspberry in the Pacific Northwest and worldwide. It can decrease the vigor and yield of raspberry plantings and require accelerated replanting cycles, especially for susceptible cultivars. The pathogen thrives in cool soils that regularly experience prolonged periods of high soil moisture (Wilcox, 1989) . Field symptoms of diseased raspberry plants often include reduced primocane emergence, wilted and chlorotic canes, and necrotic primocane lesions that spread upward from infected roots (Kennedy and Duncan, 1991; Wilcox, 1989) . Phytophthora fragariae var. rubi is considered the dominant disease agent of root rot in red raspberries (Wilcox et al., 1993) , although several other soilborne pathogens may contribute to a disease complex affecting raspberries (Schilder, 2007; You et al., 2006) .
Integrated management of root rot in raspberry plantings can include the use of raised beds, soil solarization, preplant incorporation of gypsum or calcitic lime, application of registered fungicides, and the planting of resistant cultivars (Heiberg, 1999; Maloney et al., 2005; Pinkerton et al., 2002; Wilcox et al., 1999b) . Of these, resistant cultivars are critical for long-term control. In a study examining the effect of cultivar, bed height, biological control treatment, fungicide (metalaxyl), and straw mulch on raspberry growth and disease symptoms, cultivar susceptibility was the most important factor (Wilcox et al., 1999b) . Both raised beds and metalaxyl application provided slight benefit to the resistant cultivar Newburgh but did not improve growth or yield outcomes for the susceptible cultivar Titan (Wilcox et al., 1999b) .
A few cultivars are resistant to root rot such as 'Newburgh' and 'Latham', but most commercial cultivars are susceptible to root rot and eventually show disease symptoms (Pattison et al., 2004) . These include 'Meeker', which accounts for more than 70% of raspberry plantings in the Pacific Northwest (Washington Red Raspberry Commission, 2004) , and 'Willamette' (Barritt et al., 1981) . Several new cultivars adapted to the Pacific Northwest have unknown responses to root rot. A major goal of raspberry breeding programs is to combine root rot resistance with superior horticultural traits in new cultivars; identifying genetically resistant material is advantageous for commercial production and breeding efforts.
Field evaluations of raspberry genotypes for resistance to P. fragariae var. rubi have the advantage of being similar to the conditions of commercial raspberry plantings. However, field evaluations are time-consuming, as symptoms may take several years to develop, and soil conditions and disease pressure may not be uniform. Greenhouse pot tests (Bristow et al., 1988; Kennedy and Duncan, 1991; Laun and Zinkernagel, 1993; Wilcox et al., 1999a) and hydroponic culture systems (Pattison et al., 2004) can provide greater control of environment and disease pressure, but typically use small plants that may not respond in the same manner as mature, well-established plants under field conditions. 'Cowichan' was moderately resistant to root rot in a greenhouse pot test but was shown to be susceptible in subsequent field plantings (Kempler et al., 2005) . This raises concerns about the applicability of greenhouse results to field performance. The objective of this research was to evaluate the relative susceptibility of red raspberry genotypes to root rot caused by P. fragariae var. rubi in field and greenhouse conditions and to compare the responses.
Materials and Methods
Plant material. All plants were tissueculture propagated and transplanted into a potting mix of peat, sand, and pumice (4:4:3 by volume plus fertilizer amendments) and grown under standard greenhouse conditions before field establishment or use in the greenhouse study.
Field experiments. The raspberry genotypes were tested at the Washington State University Puyallup Research and Extension Center (Puyallup) and Washington State University Vancouver Research and Extension Unit (Vancouver), both of which had been previously planted to raspberry and were naturally infested with P. fragariae var. rubi. Puyallup was sampled as part of a regional survey and the presence of P. fragariae var. rubi confirmed by an independent laboratory (Washington State University, 2006) . The soil at Vancouver was a Gee silt loam and the soil at Puyallup was a Sultan silt loam.
Before planting, soils at both locations were tilled to a depth of 15 cm. Plants were set in flat beds rather than raised beds to encourage disease development. Thirteen cultivars and advanced selections were planted in both sites in a randomized complete block design. Cultivars were selected for inclusion in the study based on suitability to regional growing conditions. 'Newburgh' and 'Summit' were included as resistant cultivars and 'Malahat' and 'Kitsilano' as susceptible cultivars. 'Cascade Bounty' was omitted from both field plantings. All cultivars were floricane fruiting except for 'Summit'.
Tissue-culture propagated plants of each genotype were planted in six replicates in July 2003 at Puyallup. Plants were set at 1-m in-row spacing with a single plant per plot along one row running north to south.
Tissue-culture propagated red raspberry plants were planted in four replicates in July 2003 at Vancouver. Eight plants were set 0.7 m apart in 5.6-m plots. Within the rows, plots were separated by 3.2 m. Between-row spacing was 3 m.
Overhead irrigation was used to establish the planting at Puyallup and Vancouver. During three cropping seasons, Puyallup plots received no irrigation, and the Vancouver plots received drip irrigation. Annual rainfall between 760 and 1010 mm during the experiment was typical for the area and similar in the two locations except in 2006, when rainfall exceeded 1300 mm in Vancouver. Fruiting canes were pruned at the end of each cropping season, and primocanes were tied to trellises. Plots were cultivated between rows as needed to reduce weed growth.
In July 2004 July , 2005 July , and 2006 , the number of healthy and infected primocanes was counted for each plot at Puyallup and Vancouver. The Vancouver cane numbers were divided by 8 to obtain measurements on a per-hill basis. Plots with no canes were considered to have 100% infection. In Dec. 2004 Dec. , 2005 Dec. , and 2006 , the height of up to 25 primocanes per plot at Puyallup and up to 50 canes per plot at Vancouver were measured and used to calculate average cane height. The numbers of healthy and infected canes were added to give the total number of canes. Percent infection was calculated by dividing the number of infected canes by the total number of canes. Fruit was not harvested from the plots.
Greenhouse experiments. Genotypes were evaluated in two separate greenhouse trials using the method of Bristow et al. (1988) . Phytophthora fragariae var. rubi (ATCC Culture No. 16184), originally isolated from the roots of an infected 'Canby' raspberry plant grown at Vancouver (Converse and Schwartze, 1968) , was grown in still culture in clarified V-8 juice broth [V-8 juice (Campbell Soup Co., Camden, NJ), 163 mL; CaCO 3 , 2.52 g; distilled water, 200 mL; centrifuged at 1000g n for 15 min to clarify, supernatant diluted to 2.8 L and autoclaved]. Cultures were incubated at room temperature (23 ± 1.5°C) for 10 to 21 d. Mycelial mats were collected in a Buchner funnel and washed twice with tap water maintained at 17 to 20°C. Excess moisture was pressed from the washed mats with a spatula before weighing. Mats were transferred to a Waring (New York, NY) blender with adequate water for macerating and pulsed twice for 10 s per pulse with a 10-s pause between pulses.
A suspension was prepared of 20 g wet mycelium per 100 mL tap water. Appropriate dilution gave inoculum suspensions of 200, 50, and 10 mg mycelium per milliliter of water. Control plants were inoculated with water only. A syringe fitted with an 18-gauge cannula was used to inject the inoculum. The cannula was inserted into the growing medium to a depth of %2.5 cm at sites %1 cm away from the stem, and the suspension injected as the cannula was slowly withdrawn. One milliliter of mycelial suspension was injected into four sites in the soil around each plant for a total of 4 mL suspension per pot.
The greenhouse inoculation study was conducted in two tests, each a two-way factorial arrangement on a randomized complete block design with cultivar and inoculum concentration as treatment factors. There were four replications in each study. Four to 5 weeks after being transferred from tissue culture into potting mix in 5.7 · 5 · 5.7-cm plastic pots, plants of 11 genotypes were inoculated with water or 10, 50, or 200 mgÁmL -1 mycelium suspension in Feb. 2005. In Apr. 2005, five genotypes were tested in the same manner. 'Newburgh' and 'Meeker' were included in both tests. At the time of inoculation, February plants had four to six true leaves, while April plants had three to five true leaves.
Plants were maintained in a temperaturecontrolled greenhouse (19 ± 3°C) separated by inoculum treatment and replicate in tubs containing 1 cm of water. The plants were examined every 5 to 7 d for symptoms. Three weeks after inoculation, plants were removed from pots. After washing the roots, the plants were evaluated for root rating and shoot rating, root dry weight, shoot dry weight, and increase in shoot growth. Color value of freshly washed roots was measured by a Minolta Chroma Meter CR200b (Minolta, Ramsey, N.J) and recorded as L*. Roots were examined microscopically for the presence of oospores at the end of the evaluation period to verify successful inoculation with the pathogen.
Statistical analysis. Field data were analyzed for each location using a repeated measures analysis of variance (ANOVA). Significance of the repeated measures factor and its interaction with genotype was tested with the Huynh-Feldt adjusted probability value to account for lack of sphericity in the repeated measures. ANOVA for each location was also performed separately by year, and differences in genotype means were compared using Tukey's honestly significant differences (HSD) test. Significance of treatment factors and their interaction was tested at P < 0.05. Correlation coefficients between field variables were determined within and between locations. Greenhouse data were analyzed using general linear models, and correlation coefficients of greenhouse variables were calculated. Genotype means of field and greenhouse variables were compared in correlation analysis. All statistical analyses were performed with SAS 9.1 software (SAS Institute, Cary, NC).
Results
Field experiments. The effect of genotype was highly significant for percent infection, total cane number, and cane height (data not shown) in both locations for each year (P < 0.01) with the exception of a nonsignificant effect for percent infection at Vancouver in 2004 (Table 1) . These results were confirmed by repeated measures ANOVA, which indicated an overall significant effect of genotype for percent infection, total cane number, and cane height at both Puyallup and Vancouver (P < 0.0001). There was also a significant effect of year (P < 0.0001) and genotypeby-year interaction (P < 0.001) for the three variables in both locations.
The genotype · year interactions were reflected in field response trends over time. Characteristic field responses of a resistant cultivar (Summit), a susceptible cultivar (Meeker), and a very susceptible cultivar (Malahat) are shown in Figure 1 as Greenhouse studies. There was a significant effect of cultivar (P < 0.0001) for root rating and shoot rating in the February study (Table 3) . Overall, 'Newburgh' and 'Cascade Bounty' had fewer root rot symptoms than all of the other cultivars tested except 'Cascade Delight'. 'Cascade Delight' had root and shoot ratings similar to 'Newburgh', a resistant cultivar, when tested at the 50 mgÁmL -1 inoculum level, but had higher ratings at the 10 and 200 mgÁmL -1 levels (data not shown). 'Kitsilano', 'Malahat', and 'Cascade Dawn' had high root and shoot ratings at all inoculum levels.
There was also a significant effect of cultivar (P < 0.0001) for root rating and shoot rating in the April study (Table 3) . 'Summit' and 'Newburgh' had much lower root and shoot ratings than 'Meeker', 'Cascade Nectar', and 'Cowichan'. Ratings were higher overall in the April study compared with the February study, which may be the result of smaller plant size at the time of inoculation in the April study. 'Newburgh' had ratings similar to 'Summit' at the lowest inoculum level (data not shown), but showed considerable root rot symptoms at the 50 mgÁmL -1 inoculation level.
The root and shoot rating means for all inoculum levels were significantly lower (P < 0.05) than the mean for the water-only control in both greenhouse studies (data not shown). However, the means for root and shoot rating did not differ significantly among the 10, 50, and 200 mgÁmL -1 inoculum levels in February. In the April study, the 10 mgÁmL -1 means were significantly lower than the 50 and 200 mgÁmL -1 means for shoot rating only. These results suggest that the presence or absence of the pathogen in our test was more influential than increasing inoculum concentrations.
Genotype means of root rating in the February study had variable relationships with means of field variables in 2006 (Table  4 ). The correlation coefficient was highest between the 50 mgÁmL -1 root ratings and percent infection at Puyallup. Root rating means at the 10 and 200 mgÁmL -1 inoculation levels showed much weaker correlations with genotype means of field parameters. Correlations between greenhouse variables and field variables were generally higher at Puyallup than at Vancouver. Other evaluation criteria used in the greenhouse study such as root dry weight, shoot dry weight, and shoot growth did not correlate strongly with field study results (data not shown).
Discussion
The only cultivar to exhibit excellent field resistance to root rot was 'Summit', which has a reputation for resistance (Lévesque and Daubeny, 1999) . 'Newburgh' also showed resistance in this and other studies (Lévesque and Daubeny, 1999) , but showed sensitivity to higher disease pressure at Vancouver. 'Cascade Bounty' had resistance similar to that of 'Newburgh' in the greenhouse, which agrees with earlier field observations (Moore and Finn, 2007) , although confirmation is needed from a replicated field study. Pattison et al. (2004) observed that a cultivar's ability to generate new primocanes from root tissue rather than existing crown tissue may allow it to recover from moderate or intermittent root rot infection in the field. However, such a recovery mechanism may not be apparent in a short-term greenhouse test with high disease pressure, leading to a susceptibility rating higher than observed in the field (Pattison et al., 2004) . This may have been a factor in the response of 'Cascade Dawn', and to some extent, 'Cascade Delight', which had high greenhouse root and shoot ratings but showed partial field resistance. 'Cascade Dawn' had more total canes than either 'Newburgh' or 'Summit' all 3 years at Puyallup, but its increasing infection levels over time and sharp decline in cane number in Vancouver indicated susceptibility to the disease. Therefore, it was crucial to gather 3 or more years of field data to assess relative susceptibility to root rot in this study. Both 'Cascade Dawn' and 'Cascade Delight' were described previously as possessing some field resistance (Moore, 2004 (Moore, , 2006 . The high susceptibility of 'Malahat' and 'Cowichan' is consistent with previous observations (Lévesque and Daubeny, 1999; Pattison and Weber, 2005) . 'Cascade Nectar', 'Kitsilano', and WSU 1226 also had very high susceptibility in this study. 'Meeker', 'Tulameen', and 'Willamette' were found to be susceptible to root rot, consistent with earlier reports (Barritt et al., 1981; Laun and Zinkernagel, 1993; Lévesque and Daubeny, 1999) .
Inoculum concentration influenced greenhouse response only slightly and the 50 mgÁmL -1 level correlated most closely with field variables. Testing at several inoculum levels was time-consuming and did not provide additional information about relative sensitivity to disease pressure. Root rating gave better cultivar differentiation than other greenhouse response variables as observed by Laun and Zinkernagel (1993) . Root rating was easy to measure and proved consistent with field observations. Other greenhouse evaluation criteria were of minimal use in identifying genotypes with field resistance. The root rot symptoms seen in the small April 'Newburgh' plants corroborated previous observations that trials of very small plants overestimate root rot susceptibility (Laun and Zinkernagel, 1993; Wilcox et al., 1999a) . Besides P. fragariae var. rubi, several other Phytophthora, Rhizoctonia, Fusarium, Pythium, and Cylindrocarpon species are pathogenic on red raspberry, acting individually or synergistically (Duncan and Kennedy, 1989; Schilder, 2007; Wilcox, 1989; You et al., 2006) . The activity of some of these pathogens in the field may partially account for the differences in genotypic response in the field and greenhouse tests. Another factor may have been the presence of beneficial microorganisms in field soil such as actinomycetes antagonistic to P. fragariae var. rubi (Valois et al., 1996) .
The usefulness of short-term greenhouse tests depends on the research objective. A plant breeder wishing to select only the most resistant progenies might find a greenhouse test with small plants very effective, as suggested by Laun and Zinkernagel (1993) . The speed of a greenhouse trial is useful in preliminarily classifying a genotype as resistant or very susceptible, but a multiyear field trial is needed to accurately evaluate each genotype's relative susceptibility to root rot. Based on these and earlier results (Wilcox et al., 1999a) , field evaluations remain the preferred method for assessing root rot resistance in red raspberries. Root rating on a 1 to 4 scale; 1 = white or very light cream color and 4 = mostly black or dark brown. y Shoot rating on a 1 to 4 scale; 1 = green and vigorous growth, 2 to 3 = degrees of chlorosis and wilting, and 4 = necrotic and no growth.
x Comparisons that exceed Tukey's honestly significant difference (HSD) are significantly different at P = 0.05.
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Nonsignificant. Table 4 . Correlation coefficients (r) of field root rot evaluation criteria and February greenhouse root rating for 10 raspberry genotypes (n = 10). 
